Summary. The nucleocapsid (NP) and phospho-(P) proteins of paramyxoviruses are involved in transcription and replication of the viral genome. An in vitro protein binding assay was used to investigate the regions on NP protein that interact with the P protein of Newcastle disease virus (NDV). Truncated NP mutants were first immobilised on a solid phase and then interacted with radio-labelled [ 35 S]-P protein synthesised in rabbit reticulocyte. The interaction affinity was quantitated by measuring the radioactivity that was retained on the solid phase. Using this approach, a highly interactive region was identified to be resided at the first 25 amino acids of NP N-terminus. The interaction between these two proteins remained strong even with the removal of 114 amino acids from the C-terminal end of NP. However, it is possible that the 49 amino acids at the C-terminal end might have another contact region for P protein, which is not as critical as the N-terminal end. The interaction regions mapped in this study are significantly different from the other two paramyxoviruses: Sendai and measles viruses in which the C-termini of their NP proteins play an important role in binding to the P. * Infection by isolates of Newcastle disease virus (NDV) causes the highly contagious Newcastle disease (ND) in many avian species. The virus possesses a nonsegmented negative strand RNA genome of 15186 nucleotides [12, 17] that encodes six main structural proteins [23] : nucleocapsid protein (NP), phosphoprotein (P), matrix protein (M), fusion protein (F), haemagglutinin-neuraminidase (HN), and large protein (L).
The NP protein is the most abundant protein in the virus particles, which together with the genomic RNA provides the core helical nucleocapsid structure of NDV. It has well been documented as the main regulator in viral genome replication [4, 15, 16] . Apart from genomic RNA encapsidation which requires the interactions between NP-NP itself and NP-RNA, the NP protein must also interact specifically with the P and L proteins to form the ribonucleoprotein complex (RNP), which serves as a template for RNA synthesis [13] . By transcriptional editing, the P mRNA of NDV has the capacity to encode two non-structural proteins, V and W [21] . In addition, it has been shown that the transcriptase activity is concomitantly lost with the cleavage of the P protein [3] , implicating its role in viral transcriptase. The association of the NP and P proteins is crucial during the viral replication as the latter prevents non-specific binding of NP protein to cellular RNA [6] allowing the protein to bind selectively to the genome leader and anti-genome trailer sequences.
The real mechanisms of the transcription and replication cellular events for any of the negative-stranded RNA viruses are yet to be fully revealed. In view of this, a comprehensive understanding of the multifunctional domains of the NP protein is fundamental towards a better understanding of these transcription and replication processes. In this report, we describe the use of an in vitro protein binding assay to locate the region(s) on NP protein that interacts with the P protein.
Construction and production of the NP truncated mutants were as described by Kho [10] . The primary structure of the mutants is represented in Fig. 1 . BamH1 and Xho1 cutting sites were introduced into the cDNA fragment of the P gene by amplifying plasmid pTrcHis2-P [11] using primers PF (5 AATGGATCCATGGCCAC CTTTAC AGATG 3 ) and PR (5 TTGCTCGAGTAATTAGCCATTTAGTGC 3 ). The cDNA fragment was digested with restriction enzymes BamH1 and Xho1. The released DNA fragment was purified on an agarose gel, ligated to BamH1-and Xho1-cleaved pCITE-2a (Novagen, U.S.A.) vector and then introduced into E. coli strain TOP10.
In vitro transcription and translation of [ 35 S]-methionine labelled P protein were performed as described [22] . For the detection of the [ 35 S]-methionine labelled P protein, the translation product (1 µl) was electrophoresed on a SDS-12% polyacrylamide gel and then electrotransferred onto a nitrocellulose membrane. The membrane was dried before being autoradiographed against an X-ray film that was developed after overnight exposure. The binding assay used was adapted from Tan et al. [22] with some modifications involving optimisation of some of the binding parameters as described below. All the incubation steps involved were performed at room temperature (25 • C) with gentle agitation.
For the identification of optimum pH for NP-P interaction, strips of U-shaped polystyrene wells (Nunc) were coated with NP protein (20 pmol in PBS; 100 µl) and incubated overnight at room temperature. For a negative control, wells were coated with same amount of BSA. After overnight incubation, the wells were washed 3× with PBS (pH 7.4) followed by blocking with BSA (3% in PBS; 250 µl) for 2 h. Wells were washed again 6× with PBS supplemented with BSA (2%) before incubation with [ 35 S]-methionine labelled P protein (100 µl), which was diluted (100-fold) in NEP-gel buffer with different pH [50 mM potassium phosphate (for pH 6 and 7) or potassium acetate buffer (for pH 3.6, 4 and 5), 150 mM NaCl, 0.1% (v/v) NP-40, 1 mM EDTA, 0.25% (w/v) gelatin, 0.02% (w/v) NaN 3 , 2 mM DTT]. After 5 h of incubation with gentle shaking at room temperature, the wells were washed 6× with NEP-gel buffer. Individual wells were detached from the strips and placed in scintillation vials containing scintillation liquid (5 ml; Amersham), and the radioactivity in each vial was then quantified using a scintillation counter (Beckman, LS 6500, U.S.A.). The binding assay was carried out in triplicate for each pH.
To determine the optimum amount of NP protein required for coating on a well, various amount (2, 10, 20, 40, 100 and 200 pmol) of the NP protein (100 µl in PBS) were coated onto the strips of U-shaped wells and incubated overnight. All the washing and blocking conditions used were as above. NEP-gel buffer with predetermined optimum pH 6.0 was chosen for diluting the [ 35 S]-methionine labelled P protein (100-fold dilution). After 5 h of incubation at room temperature, radioactivity in each well was determined as described above.
For the time course experiment, strips of U-shaped wells were coated with NP protein (20 pmol in PBS; 100 µl) and incubated overnight. After washing and blocking under the same conditions as above, [ 35 S]-methionine P protein (100-fold dilution in NEP-gel buffer pH 6.0; 100 µl) was added into the coated wells and incubated for different time periods (0, 1, 3, 5, 7, 23 h) at room temperature. After each incubation period, the relevant wells representing a point on a time course were detached from the strip, washed 6× with NEP-gel buffer, and the radioactivity was determined as mentioned above.
To investigate the interaction of the NP mutants and P proteins, the NP protein (20 pmol; 100 µl) and its different deletion mutants (NP C464 , NP C440 , NP C405 , NP C391 , NP C380 , NP C375 , and NP N26 : 20 pmol) were coated onto strips of U-shaped wells and incubated overnight at room temperature. The wells were washed, blocked with BSA and then the coated proteins were incubated with [ 35 S]-methionine-P protein for 5 h at room temperature and the radioactivity in each well was quantified. In vitro translation of P gene supplemented with [ 35 S]-methionine with rabbit reticulocyte lysate produced a band of about 55 kDa (Fig. 2) , which corresponds to the size of the P protein when expressed in E. coli [11] .
Optimisation of the protein binding conditions shows that NP-P binding occurred optimally at pH 6.0 (Fig. 3) . Under this pH, various amounts of purified NP protein were coated on the solid surface of U-shape wells to determine the suitable amount required to saturate the surface of the well. The saturation was almost achieved at the amount of 40 pmol (Fig. 4) . However, for all the subsequent binding experiments, 20 pmol rather than 40 pmol of purified NP protein was used for coating due to the considerable insignificant difference in cpm for both concentrations. The subsequent time course study of the [ 35 S]-methionine-P binding to the NP protein showed that equilibrium was nearly reached after 7 h of incubation (Fig. 5) . Nevertheless, 5 h of incubation was deemed sufficient for use in the binding assay due to the very small difference in cpm between 5 and 7 h of incubation. To delineate the regions of NP involved in the interaction with the P, different NP deletion mutants were then tested. The radioactivity (cpm) recorded between the wild type NP and [ 35 S]-methionine-P was taken as 100%. As shown in Fig. 6 , deletion of the C-terminal 25 amino acids (NP C464 ) resulted in a decrease in the radioactivity by 17%. This radioactivity was further reduced by 19% with an extra deletion of 24 amino acids from the C-terminal end (NP C440 ), suggesting that the C-terminal 49 amino acids of NP is involved in the interaction with the P protein in which its removal significantly reduced the binding activity. One the other hand, when this deletion was further extended to 114 amino acids (as represented by mutants NP C405 , NP C391 ,NP C380 and NP C375 ), the binding activity was restored to over 80% of its original binding activity. At this stage, it is hard to explain the increase of binding activity for these four mutants. But, the removal of the C-terminal tail (amino acid positions 405 to 489) might trigger certain conformational changes on the NP protein that otherwise provide a stronger contact region for the P protein.
The ability of N-terminal deletion mutant NP N26 , which had 25 amino acids removed from the N-terminal end, to interact with the P protein was greatly reduced by 85%. The interaction was, however, not entirely obliterated suggesting that these first 25 amino acids may constitute an essential part of the whole interacting domain, which seems to be extended further. The actual border of this domain was not determined in this study, as it would require more detailed deletion analysis. Together, these data suggest that the N-terminus of NP between amino acids 1 to 26 contains both the essential and highly interactive domain for P protein. In addition, the C-terminal 49 amino acids might have another contact region for P interaction, but was not as critical as the N-terminal end. It may also be possible that both these proposed interactive regions are not really the actual binding sites as the deletions induced may affect the conformation of the true binding site.
Our results obtained here seem to be different with those of the Sendai and measles viruses. With Sendai virus, by using a protein-blotting technique, Homann et al. [7] observed an important role of the C-terminal region of NP for P interaction. Subsequently, Buchholz et al. [1] showed that the C-terminal 85 amino acids of NP are required for binding to the P. With Measles virus, a deletion of 90 amino acids from the NP C-terminal end was reported to drastically reduce the interaction between NP and P whereas a deletion of the N-terminal 266 amino acids showed little or no effect on the interaction [14] . Interestingly, the NP-P interacting region mapped in this study seems to be partially in agreement with that of Human parainfluenza virus 3 (hPIV-3). By using a two hybrid system, the domain of hPIV-3 NP involved in interaction with P was found to be located at the N-terminal domain, and no significant reduction in the binding activity when 80 amino acids was deleted from the C-terminal end [24] . Apparently the different results obtained from the Sendai and measles viruses indicate that different paramyxoviruses may have evolved in a manner such that different regions of the NP interact with the P.
It has been suggested that the Sendai NP and P proteins need to be translated within the same cell in order to associate and form the soluble NP-P complex, which is required for genome replication in vitro [8] . In addition, the P protein is able to interact with both the assembled NP, which is in the nucleocapsid form (NP NC ) and unassembled NP (NP 0 ) [5] . In the current interaction study, it is worth mentioning that the interaction being investigated is most likely between the P and the NP NC . Among the NP deletion proteins tested in this experiment, only the Nterminal deletion mutant (NP N26 ) was unable to form nucleocapsid-like structure whereas the C-terminal deletion mutants (NP C464 , NP C440 , NP C405 , NP C391 , NP C380 , NP C375 ) could self-assemble to form nucleocapsid-like particles [10] . From the structural point of view, it is possible that the interaction region identified may be only available on the surface of the nucleocapsid-like particles, which was created during NP self-assembly. Thus, P could form stable complex with the Cterminal deletion mutants but not with NP N26 . Based on this finding, it seems that the hypervariable C-terminal end of the NDV NP is not critically involved in the interaction with P. By analogy to the structure-function study of Sendai virus [2, 4] , this part of NP has been implicated for template function in which nucleocapsid templates that were themselves composed of C-terminal truncated NP were unable to act as a template for new round of genome replication. It remains unclear in the case of NDV. In vivo genome replication study would possibly shed some light to the role played by the C-terminal end of NP.
It is noteworthy to mention that like many other in vitro protein interaction methods used to study P-NP interactions [7, 9, [18] [19] [20] , the results derived from the current in vitro protein binding assay might not genuinely represent what actually occurs in the infected cells. The optimum binding conditions as well as the incubation temperature used in this study may differ from that happen in the cells. Nevertheless, many in vitro studies can be equally informative as those observed through in vivo approaches. More detailed studies along this line would certainly help to further delineate the interacting domains of NP and P proteins necessary for complex formation.
